We demonstrate Feshbach optimized photoassociation (FOPA) into the 0 − g (5S 1/2 +5P 1/2 ) state in 85 Rb 2 . FOPA uses the enhancement of the amplitude of the initial atomic scattering wave function due to a Feshbach resonance to increase the molecular formation rate from photoassociation. We observe three vibrational levels, v = 127, 140, and 150, with previously unmeasured binding energies of 256, 154, and 96 cm −1 . We measure the frequency, central magnetic field position, and magnetic field width of each Feshbach resonance. Our findings experimentally confirm that this technique can measure vibrational levels lower than those accessible to traditional photoassociative spectroscopy.
I. INTRODUCTION
Molecular potential energy curves are the foundation of understanding atomic interactions. Accurate knowledge of these potentials is essential to implement and analyze many experiments with cold and ultracold molecules [1] . Cold molecules are important for a number of areas of interest, such as tests of fundamental symmetries, ultracold chemistry, quantum degenerate gases characterized by strong anisotropic dipole-dipole interactions, and quantum computation ( [2] and references within).
The most accurate potential curves are those based on experimental determination of the vibrational energy level spectrum. Traditional molecular spectroscopy provides much of this data, but is often limited to spectra near the minimum of broad molecular potentials. Twenty years ago, the advent of laser cooling and trapping allowed a new technique, photoassociative spectroscopy (PA), to access high-lying vibrational states of excited [3] [4] [5] and ground [6] state molecular potentials.
While for a few systems these techniques overlap to provide a complete picture of the interatomic interaction [7] , for many others, a substantial gap exists. For example, for the 0 − g state of 85 Rb 2 , bound-bound spectroscopy has determined the energies of the v = 0 to 14 vibrational states [8] , and photoassociative spectroscopy has determined the binding energies of the vibrational levels between v = 184 and 171 [9] . Combining the two data sets leaves roughly 150 unknown vibrational energies. Many more vibrational energies, including those studied here, can be identified in the photoassociation spectra of ref [4] , but in this paper binding energies were not given.
In 2008, Côté and colleagues suggested that Feshbach resonances could be used to systematically enhance PA and optimize the production of cold molecules [10] . This technique, Feshbach optimized photoassociation (FOPA) modifies the wavefunction of the colliding atoms to optimize the creation of molecules in the desired vibrational states. Additional calculations showed that FOPA may be used to create heternuclear LiCs molecules [11] , to study the time variation of the electron-to-proton mass ratio [11] , and to test the unitarity limit [12] . In fact, the first observation of a Feshbach resonance in ultracold collisions was made by observing the enhancement of the photoassociation rate [13] . used a Feshbach resonance to enhance the photoassociation rate into many deeply-bound vibrational levels of the 0 − g excited molecular potential. Feshbach optimized photoassociation studied the unitarity limit in Li 2 at low laser intensity [15] . Most recently, Semczuk et al. The electronic molecular potential of two ground-state rubidium atoms has multiple dissociation energies corresponding to different combinations of hyperfine energies of the constituent atoms. Their relative dissociation energies can be adjusted relative to each other by an external magnetic field. Thus, if two atoms are colliding along one interaction potential, their collision energy can be made equal to the energy of a molecular state with a slightly higher dissociation energy by applying the appropriate magnetic field ( Figure 2 ). This Feshbach resonance [18] couples the molecular potentials and dramatically alters the collision wavefunction, especially at small internuclear separation. This, in turn, changes the photoassociation rate into the electronically excited molecular potential. Utilizing this process, molecular states can be formed that would otherwise be inaccessible.
III. EXPERIMENT Figure 3 shows our experimental set-up and is similar to that in [19] . We begin with atoms in a magneto-optical trap (MOT) [20] that contains ∼ 10 8 atoms with a density of ∼10 10 cm −3 , a 1/e 2 radius of 2 mm, and a temperature of 50 µK. We use two external cavity diode lasers (ECDL) for the trapping and repump beams. Each laser is frequency stabilized using a dichroic atomic vapor laser lock [21] . The trapping laser is detuned ≃15 MHz to the red of the 5 The magneto-optical trap is loaded, and the atoms are transferred to a far off-resonance trap tuned to a photoassociation resonance. The photoassociation rate is enhanced by a Feshbach resonance, the far-off resonance trap is turned off, and the shadow of the atoms is imaged on a CCD camera. The vertical axis indicates the quantity being off or on, and in the case of the MOT repump laser, being at a lower intensity. The vertical axis is not to scale.
and not to an increase of two-body or three-body loss due to collisions. This is consistent with expected loss rates at our densities [23] . The first observed resonance is at a trapping laser frequency of 12323 cm −1 , corresponding to a transition into the v = 127 vibrational level with a binding energy of 256 ±0.6 cm −1 . Figure 5 shows the fractional number of atoms remaining in the FORT as a function of the magnetic field, B, as it is swept through the Feshbach resonance. The number of atoms remaining in the FORT is calculated by summing the values of the pixels in the absorption images of the trapped atoms. The resulting data is normalized to the background number of atoms when the magnetic field is off resonance. Figure 5 contains an average of 9 data sets. The error bars represent statistical uncertainties.
The data is fit to a Lorentzian function given by,
where the fitting parameters are a, the amplitude of the peak; ∆, the full width at half 154 ± 0.6 cm −1 . Figure 6 shows the fractional number of atoms remaining in the FORT as a function of the magnetic field, B. Our results agree with those from the previous experiment [13] to within one standard deviation, as well as those from our theoretical calculation [24] with the exception of the width of v = 150 Feshbach resonance, which agrees at the 2σ level to the theoretical width.
The measured values are consistently lower than those from previous experiment [13] and theory [24] . This discrepancy may be due to the lower signal-to-noise in our experiment compared to [13] , and that our initial system is not doubly-spin polarized (all the atoms in the |F = 2, m F = −2 state). Also, excitations into rotational states with narrower widths may contribute to the signal. 
